Supporting Information for this article is available on the WWW under http://dx.doi.org/... It contains a detailed description of synthesis, crystallisation and characterization of all synthesized compounds, ORTEP plots with labelling schemes of cpds. 1 -4, an ORTEP plot as well as geometric parameters of the full asymmetric unit of 1, molecular graphs and gradient vector field representations of 4, invariom-generated static deformation density maps of 3 and 4, theoretically 2 calculated electrostatic potentials on the Hirshfeld surfaces of 1 and 2, Coulomb, dispersion and total energy framework representations for 1 -4 along all three crystallographic axes and at different tubesize scaling, cartesian coordinates of the optimized geometries of cpds. 1 -4.
Introduction
Peptides with epoxides as electrophilic building blocks are potent cysteine [ 1] and aspartate [2] protease inhibitors with the epoxysuccinyl peptides being a well-known class of irreversible inhibitors of papain-like cysteine proteases (CAC1 enzymes). Numerous derivatives have been synthesized, all of which derive from the natural product E-64 that was isolated from an
Aspergillus strain in 1978, [ 3 ] and tested against diseases such as muscular dystrophy, osteoporosis, cancer, and Alzheimer's over the last 35 years. [ 4] In this class of compounds, loxistatin acid (E64c, 1, Scheme 1) was proven to be one of the most effective inhibitors of enzymes of the papain family. [5] It is widely used in in-vitro and in-vivo studies. [6] The ethyl ester loxistatin (E64d, 2, Scheme 1) is used as a cell-permeable prodrug releasing the active acid after hydrolysis. Mechanistic investigations -involving protein crystal structures of E64c-cathepsin B and E64c-papain complexes - show that the inhibition is covalent based on a nucleophilic ring opening reaction between the epoxide and the active site of the enzyme. [7] It is irreversible if the epoxide resides in the S,S-configuration, whereas the inhibition potency is much lower in the R,R-configuration. [8] In general, a covalent inhibition is divided into two steps ( Figure 1 
): i) the formation of a reversible complex of enzyme (E) and inhibitor (I) as a short-lived intermediate (EI) guided by
K i , the dissociation constant of the reversible complex, and ii) the formation of the covalent bond leading to the irreversible complex E-I guided by k i , the first-order rate constant of the inhibition.
The significance of the individual hydrogen-bonding network to both steps has been investigated in detail for deprotonated E64c in cathepsin B (Figure 1 ). [7e] Only hydrogen bonds from and to the carboxylate and amide groups immediately adjacent to the attacked epoxide ring are of importance, not amide bonds further along the chain. Thus, in this study we will focus only on the central carboxyl-epoxide-amide motif, which we refer to as the trans-epoxysuccinyl amide group.
Scheme 1: Molecular structures of the trans-epoxysuccinyl amide compounds investigated in this study. Atom labelling scheme of all compounds according to ASMC. For a detailed labelling scheme of all compounds including labels of hydrogen atoms, see Supporting Information.
It has been shown that the conformation of a compound in its crystal structure and inside a biological receptor can be very similar due to similar forces acting upon the molecule, [ 9] namely electrostatic forces, hydrogen bonding and van-der-Waals interactions. In numerous studies there is "nearly perfect correlation between small-molecule structural results, and the observed binding in receptor-substrate complexes". [9a] From these findings concerning geometry, it can be assumed that the electron density (ED) of the low-molecular weight inhibitor in its pure crystal structure is similar to its ED in the enzyme pocket. This enhances the significance of experimental ED determinations of small biologically active compounds. [10, 11] The presence of ligand-specific induced-fit mechanisms or significant solvation phenomena might limit the applicability of this approach. This aspect and its effect on the ED distribution of the epoxide ring in E64c and E64d was previously investigated by theoretical computations.
[12]
Figure 1: Inhibition mechanism and importance of hydrogen bonding in the carboxylate form of E64c.
[7e]
In the past, experimental electron-density studies were only possible using epoxidecontaining compounds with a different substitution pattern, [13] i.e. not containing the biologically intrinsically important epoxysuccinyl amide group (cf. Figure 1 ). However, with our recent crystal structure elucidation of E64c [ 14 ] and the overwhelming similarity between the conformation and hydrogen bonding pattern in this crystal structure and those of E64c in the cathepsin B complex, the need for an experimental ED study of the trans-epoxysuccinyl amide group becomes obvious. Unfortunately, crystal quality and various other problems described in ref. [14] prevented an experimental ED determination of pure E64c.
In this study, we describe two alternative ways to obtain the ED information of the epoxysuccinyl amide group: i) synthesis and diffraction experiments of smaller model compounds that include the trans-epoxysuccinyl amide group, and ii) use of the invariom approach. Invarioms are pseudoatoms constructed of theoretically calculated multipoles from small model compounds using the transferability principle of submolecular properties, herein multipole parameters. [15] These invarioms are deposited in a database and can be transferred to the molecule under investigation. [ 16] The primary aim is to improve the quality of structural information in a refinement using aspherical instead of standard spherical atomic scattering factors. Additionally, these allow the derivation and subsequent analysis of a total aspherical multipole-based ED distribution consistent with the experimental geometry but being of theoretical nature. It has been shown that this invariom-derived ED can give valuable insight into properties of biologically active compounds.
[17] Therefore, we applied the invariom approach to the new crystal structure of E64c and the model compounds synthesised in this work, see next paragraph.
For the synthesis of model compounds bearing the trans-epoxysuccinyl amide moiety we followed two pathways. The first was an exchange of the alkyl chains of E64c -that proved to be the cause of disorder and therefore modelling problems in the crystal structure -with aryl substituents hoping to obtain better crystal quality and scattering behavior. We only partially succeeded as the compound with the best scattering behavior of all those tested, namely compound 3 (VH04, see Scheme 1), is still affected by disorder in one of the substituents.
However, a high-resolution single-crystal X-ray diffraction data set could be measured at the synchrotron beamline 15-ID-B of the Advanced Photon Source, Argonne National Laboratories, USA. Using recent developments in the invariom approach, [18] this disorder could be modelled successfully and the structure is of high quality despite the disorder. Two aspects that lower the comparability to E64c are the configuration of the epoxide ring and the ester group connected at the carboxyl-end that rather resembles E64d. Since the impact of absolute configuration on the electron density of the carbon atoms is not detectable anyway, we neglected this point in the following analysis. However, in order to investigate the influence of the ester group, we included E64d in the study alongside with E64c. We obtained the crystal structure of E64d from ref. [19] , however, we did not perform invariom modelling of this structure because structure factors were not published.
In the second synthetic pathway we focused only on the epoxysuccinyl amide group saturated with hydrogen atoms since the long side chains seem to be the reason for non-optimal crystal packing. We succeeded in obtaining a small active site model compound (ASMC, 4, Scheme 1), which resembles E64c in terms of configuration and protonation of the carboxyl group. Again experimental difficulties prevented an experimental ED study of 4. We failed to isolate ASMC from the protonation agent and therefore only obtained co-crystals of 4 with potassium trifluoroacetate. These crystals decomposed under ambient conditions and within various oils, so that we could only obtain a medium-resolution structure at 100 K measured at the in-house diffractometer. We therefore applied invarioms to get an improved structure and a highquality estimate of the experimental ED as well.
VH04 (3) is only weakly active against cysteine proteases (see part 1 of results and discussion) as E64d is only weakly active, whereas E64c is, as discussed above, very active. The obvious reasons are the ester group that VH04 has in common with E64d in contrast to E64c, and the wrong absolute configurations of C1 and C2 (see above). However, beyond these two known factors electronic and steric substituent effects as well as the crystal packing will be discussed in the results section. ASMC (4) was not tested for its biological activity, since it only serves as a small model compound to gain access to the electron density of the trans-epoxysuccinyl amide region. It is not the aim of this study to investigate whether the electron density of an inhibitor in a crystal serves as a model for the electron density of the inhibitor in the active site. We rather clarify the suitability of ASMC (4) as a model along with the requisite alterations to be carried out in future studies to obtain an experimental electron density that is most similar to that of E64c. In detail, we will analyse the results for 1 to 4 in two different ways. First, we will compare geometry and ED parameters -derived from invariom refinement (inv) and theoretical isolated-molecule calculations upon geometry optimisation (opt) -in the framework of the Quantum Theory of Atoms in Molecules [20] as well as electrostatic-potential parameters derived the same way. These parameters are not polarized or perturbed by the environment, so they reflect substituent effects on the trans-epoxysuccinyl amide group. Second, we will investigate similarities and differences in the crystal packing with the aid of Hirshfeld surface analysis [21] and by using model energies [ 22] as well as energy framework analysis [23] , both of which are recent developments within the CrystalExplorer [24] software.
Experimental Section and Computational Details

Syntheses of model compounds
In Scheme 2, the synthesis of the target compound 4 initially followed a modified procedure of Moriwake et al. [ 25] The two-step bromination of (-)-diethyl-D-tartrate proceeds first through hydroxyl acetylation with HBr (33% in glacial acetic acid) followed by dropwise treatment with excess amount of HBr (33% in glacial acetic acid) in ethanol to afford the brominated succinate in 54%, thereby yielding a single diastereoisomer 6. Based on the configuration of the starting material and proposed mechanism by Moriwake et al., [25] the product contained the R,S configuration. Following the bromination step, the epoxide ring was constructed intramolecularly upon treatment with K 2 CO 3 (89% yield). Subsequent hydrolysis of one ester group using a Scheme 2. Synthetic pathway to the active site model compound 4. stoichiometric amount of KOH was possible to afford the potassium carboxylate salt. The ensuing carboxylate ion was then converted to its corresponding acid chloride upon treatment with oxalyl chloride. Following the analysis of the crude product the dried oil was subjected to excess liquid ammonia at -78ºC to provide the amide epoxide 8 in 66% yield over 3 steps. The saponification of the ethyl ester 8 was problematic especially given the workup conditions and the susceptibility of the epoxide to ring opening. A stoichiometric amount of pure CF 3 COOH appeared to render the protonation possible without any noticeable side reactions; however, the removal of the potassium trifluoroacetate was not achieved. [26] The product 4 co-crystallized with potassium trifluoroacetate and the crystals were also used for 1 H NMR and 13 C NMR analyses after dissolving them in appropriate solvents.
Compound 3 (VH04) was synthesized by PPA (propylphosphonic anhydride) mediated coupling of L-Phe benzylester to the (R,R)-configured potassium salt of the enantiomer of compound 8 -which was synthesized according to the (S,S)-configured isomer -but starting [27] ).
X-ray Data Collection and Data Treatment
Details on measurement and data treatment for E64c [14] and E64d [19] are given in the original literature. The data set of VH04 (3) Multi-scan absorption correction was carried out. The R-value after spherical refinement was 2.57%. After invariom treatment, the R-value improved to 2.51%.
For all compounds 1, 3, 4 and 8, pertinent details are given in Table S1 (supporting information) and the crystallographic information files (CIFs) are deposited with the Cambridge Database. They can be obtained free of charge under https://summary.ccdc.cam.ac.uk/structuresummary-form. The CCDC deposition numbers are 977799 and 1498219-1498221.
All structures were solved with SHELXS [28] using direct methods and initially refined against F 2 , using full-matrix least-squares methods, with the program SHELXL [28] within SHELXLE [ 29 ] . Compounds 1, 3 and 4 were subsequently treated with the program InvariomTool [16] for the invariom transfer and XD2006 [30] for the refinement using the fixed theoretical multipoles from the invariom databank. XDPROP was used for the topological ED analysis and XDGRAPH for the generation of maps. The program MOLISO [31] was used for generating the representations of the electrostatic potential mapped onto Hirshfeld surfaces. The program CrystalExplorer [24] was employed for Hirshfeld surface analyses, calculation of interaction energies and generation of energy framework representations.
Quantumchemical Calculations
Isolated-molecule geometry optimizations for E64c (1), E64d (2), VH04 (3) and ASMC (4) were performed with the program Gaussian09 [ 32] at the B3LYP/6-311++G(2d,2p) level of theory.
Subsequent frequency analyses confirmed that the obtained geometries were minima on the potential energy hypersurface. The topological analysis of the electron density was carried out with the program AIM2000 [33] .
CrystalExplorer model energies were calculated according to the procedure described in ref. [22] . Therein, the total energy is the sum of four scaled energy components (electrostatic, polarization, repulsion, and dispersion energies). The scale factor is derived from a fit to counterpoise-and dispersion-corrected DFT energies for a large set of neutral molecular dimers at the B3LYP-D2/6-31G(d,p) level of theory. Therefore, the model energies for compounds 1 to 4 in this paper are based on monomer calculations (with Gaussian as interfaced with CrystalExplorer) at the B3LYP/6-31G(d,p) level which is the default setting in CrystalExplorer.
Note that the individual energy components as given in Table 5 are not scaled, the scale factor is only used in the calculation of the total energy. Moreover, for pairwise interactions involving ions the same methodology is applied, but was neither benchmarked nor tested. The results occur to be meaningful, but have to be treated with care.
Results and Discussion
Intramolecular Geometry and Electron Density
The experimental bond lengths and angles of the trans-epoxysuccinyl amide region in compounds 1 to 4 are reported in Table 1 . Although the crystal structure of 1 has four symmetryindependent molecules in the asymmetric unit, an earlier study has shown that the major structural deviations occur at the terminal alkyl group. [14] Hence, the active sites or backbones of the four E64c molecules have similar geometries; in fact, the bond lengths and angles agree mostly within the experimental uncertainties (see Supporting Information). Therefore, in Table 1 and in the following analyses one of the non-disordered E64c molecules in the asymmetric unit (molecule D) is used as the representative example of 1 for comparison with compounds 2, 3 and
4.
The experimental bond lengths and angles within the epoxide ring of the four compounds exhibit only minor variation. The C1-O1-C2 angle is ca. 4° larger than the two O-C-C angles, which is consistent with values found for different biologically active epoxides.
[ 13 ] In compound 4, the epoxide is closest to an equilateral triangle. The only significant bond angle deviation is O1-C1-C4 in 4 being 3 to 4° smaller than the same angle in the other compounds all of which bear large substituents at amide nitrogen atom N1 in contrast to 4. This difference is reflected in the C1-C4 bond lengths, but not in the C4-N1 bond lengths. C1-C4 is longer by about 0.02 Å compared to 1 to 3. In summary, in terms of geometry the small model compound 4 is the only
In order to indicate whether the described differences are caused by substituent effects or crystal packing, geometrical parameters obtained from isolated-molecule geometry optimisation are additionally listed in Table 1 . The theoretical calculations even out the differences, see e.g.
the C1-C4 bond distances that are now around 1.514 Å for all compounds. This indicates that it is not substituent effects that are responsible for the geometrical differences in the active region, but the crystal packing (see second part of the Results and Discussion section). Whether or not substituent effects have an influence on the electron-density distribution of the active region will be discussed in the following paragraphs.
The shape of the aspherical valence electron-density distribution in the relevant transepoxysuccinyl amide is depicted in Figure 2 based on invariom transfer for E64c 1. Since the invarioms used in this region are identical for all compounds 1, 3, 4, the maps for the other compounds look virtually identical (shown in the Supporting Information), only the atomic positions vary slightly after refinement, see Table 1 . The ED around C4-O4 in the amide group ( Fig. 2a) is very similar to that around C3-O2 in the carboxyl group ( Fig. 2b ) with two pronounced oxygen lone pairs in the plane. N1 and O3 differ in terms of the negative deformation density around O3 in Fig. 2b that is not present around N1. This indicates more covalency for C-N bonds or more ionicity for C-O bonds, see the bond-critical point properties in Table 2 , especially the more negative Laplacian value for C-N bonds compared to C-O bonds in the opt model (the inv model is not reliable for C-O bonds, see below). However, N1 and O3
have in common that their lone pairs extend perpendicularly to the plane in contrast to those of O4 (so the lone pair of N1 cannot be seen in this plane). The lone pairs of these four atoms (O2, O3, O4, N1) are important for forming the biologically relevant hydrogen bonds, see Moreover, it is evident that the shapes of the C-C and C-O deformation densities in the epoxide ring are significantly different from those shapes of C-C and C-O bonds in the amide or carboxyl groups indicating a bent (or banana)-shape bond. This is consistent with the high ellipticity values at the bond critical points assembled in Table 2 , and with previous experimental-ED findings for epoxides. [13, 34] However, it was shown that the corresponding C-O bond paths for epoxides according to the QTAIM are not outward-bent, but S-shaped. [35] The invariom-derived bond paths are consistent with this finding (see Supporting Information for molecular graphs of ASMC).
Differences between the invariom (inv) and isolated-molecule (opt) models in Table 2 are most striking for the carbonyl C=O bonds (C3-O2, C3-O3, C4-O4), with the absolute value of the Laplacian at the bond-critical points (bcps) being too large by about 10-20 eÅ -5 in the inv model. This is a known effect for carbonyl bonds -or polar bonds in general -and is due to the inflexibility of the radial functions in the multipole formalism that is the basis for invariom treatment. [36] In order to avoid these significant inconsistencies, the underlying multipole model itself must be improved or replaced. Efforts towards this goal are on the way by several groups [ 37] including our own group [ 38] . However, for problematic structures, such as the disordered E64c and VH04 structures, the invariom model is currently -aside from similar pseudo-atom database techniques [39] -the only practical and successful way of obtaining a useful electrondensity estimate for the crystallographic experiment and a reliable high-quality experimental structure. It is noteworthy, though, that for the C-O bonds in the epoxide ring (C1-O1, C2-O1) and the C4-N1 bond the absolute value of the Laplacian at the bcps is slightly smaller in the inv model than in the opt model. However, for the purpose of identifying possible substituent effects in the ED properties, only the bond-topological properties from the opt model will be discussed, and atomic properties integrated over the atomic basin ( Table 3 ) that are far less susceptible to model problems than properties at the bcps.
From the bcp properties (opt model, Table 2 ) substituent effects are very hard to identify because the values are quite similar between the different compounds 1 to 4. Especially for the bonds C4-N1 and C3-O3, which are directly adjacent to the variable substituents, no trend can be found. Since it is known that in the biological inhibition process the C2 atom in E64c is attacked under cleavage of the C2-O1 bond (cf. introduction), a comparison between C1-O1 and C2-O1 is interesting. However, neither in E64c nor in ASMC C2-O1 can be identified to be more labile than C1-O1. Hence, the enzyme function, or more generally speaking environmental effects, must play a crucial role in preparing the inhibition reaction (cf. reaction mechanism in Figure 1 and discussion in the introduction). Therefore, a detailed analysis of the crystal packing that can mimic the biological environment as a first approximation is crucial, see part 2 of the results and discussion section.
The atomic charges on atoms C1 and C2 (Table 3) are nearly identical for E64c, and only in the inv model of ASMC (4), C2 is slightly more positively charged than C1 and simultaneously of a higher volume, favouring a nucleophilic attack at C2. In addition, C3 and C4
in the amide or carboxyl groups are much more positively charged than C1 and C2, so that the atomic charges alone cannot explain the reactivity of the active site. On the other hand, C1 and C2 are significantly larger in volume than C3 and C4. In summary, the environment and not the inherent electronic properties must be decisive for the mechanism of the inhibition reaction. This is corroborated by the fact that no significant or meaningful differences can be found between E64c, E64d and VH04 (neither in bond-topological nor atomic properties, Tables 2 and 3) that would explain the different biological activity. Oxygen atom O1 in the epoxide ring is less negatively charged than all other oxygen atoms and the nitrogen atom N1 that is charged about the same as the oxygen atoms. All hetero atoms except O1 in E64c are involved in hydrogen bonds that influence the reaction mechanism of the inhibition. It is interesting that for N1 a substituent effect can be observed in ASMC (4) with N1 only bearing hydrogen atoms compared to compounds 1 to 3 in which N1 carries one bulky substituent and one hydrogen atom. The charge of N1 in 4 is slightly lower in the inv model and its volume significantly bigger. The charge difference is evened out in the isolated-molecule calculations, but the volume difference is preserved. Likewise, a substituent effect can be observed for O3 that is more negatively charged and bigger in both models inv and opt for the acids E64c (1) and ASMC (4) compared to the esters E64d (2) and VH04 (3) . However, these effects on N1 and O3 are not propagated to other atoms further inside the trans-epoxysuccinyl amide moiety. Figure 3 displays the invariom-generated electrostatic potentials (ESPs) mapped onto their Hirshfeld surfaces (HSs). [40] Neither invarioms nor Hirshfeld surfaces are influenced by crystal packing effects (polarization) -only indirectly through geometry differences caused by crystal packing -hence, Figure 3 does not represent a way of depicting intermolecular interactions, but the inherent electrostatic properties of the underlying molecules before they are polarized by their neighbours in the crystal. Since it has been shown previously that invarioms offer a quick and reliable access to ESPs of biologically active molecules, [ 41] and since an invariom refinement has not been possible for 2, see introduction, we only discuss the ESPs of 1, 3 and 4. A comparison between the ESPs of E64c (1) and E64d (2) derived from isolatedmolecule calculations can be found in the Supporting Information.
The first obvious (non-electronic) substituent effect is the shape of the Hirshfeld surface.
It visualizes the steric differences of the molecules. Although scheme 1 might suggest that E64c and VH04 are similar in size, the shape of their molecular surfaces is significantly differenteven if the disorder in VH04 is disregarded -with E64c being more T-shaped and VH04 being more rectangular. The distribution of positive and negative regions of the ESP on the HSs according to the underlying atoms is not surprising. However, a clear difference can be found by generating the ESP distribution statistics on the Hirshfeld surface according to Politzer [42, 43] . The parameter Π, the average deviation from the mean surface potential, the so-called internal charge separation or local polarity, has been used before to be correlated to biological activity. [13, 43] In (a) (b) (c) Figure 3 . Invariom-generated electrostatic potentials mapped onto Hirshfeld surfaces of (a) E64c (1), (b) VH04 (3), (c) ASMC (4). Colour Code: -0.1 eÅ -1 (red), 0 eÅ -1 (white), +0.1 eÅ -1 (blue).
ref. [43] , values of Π around 0.050 eÅ -1 with a spread of ca. 0.003 eÅ -1 are reported for 9 different vinyl-sulfone based cystein protease inhibitors. Here we find values of 0.095 eÅ -1 for VH04 (3) and 0.100 eÅ -1 for ASMC (4), whereas the value for E64c (1) -the only biologically active cystein protease inhibitor among 1, 3, 4 -is significantly different and resembles the values found for the vinyl-sulfone based inhibitors (Π = 0.067 eÅ -1 ). Hence, Π is the only indicator found so far that shows that the inherent unperturbed electronic distribution might have an influence on the inhibition reaction mechanism in terms of a less extreme distribution of ESP values on the molecule surface as it is felt by neighbours, e.g. the enzyme, in the recognition step (cf. formation of the reversible complex EI in Figure 1 ) before bonds are formed.
Crystal Packing
In part 1 of the results and discussion it has become clear that for understanding the functionality of the trans-epoxysuccinyl amide group -and possibly the differences between compounds 1 to 4 -it is crucial to study the intermolecular interactions they are involved in. For the reasons discussed above, we have no access to the experimental electron-density distribution that would include these intermolecular packing effects. We decided not to carry out theoretical periodicboundary or QM/MM calculations in this study, but to compare the results of those calculations with the experimental electron density once we have managed to obtain it in future studies. Here, we follow a much easier and much more straightforward strategy to gain detailed insight into the crystal packing, namely a Hirshfeld surface analysis, [21] which is purely geometry-based, and a model-energy [22] and energy-framework analysis [23] that have only recently been included into the software CrystalExplorer [24] . Hence, it is beyond the scope of the present study to determine the crystal packing effect on the electron-density distribution. Table 4 lists the hydrogen bonds and close contacts found in compounds 1 to 4. As discussed in the introduction, it is known that inhibition-relevant hydrogen bonds in E64c exclusively involve atoms from the trans-epoxysuccinyl amide region excluding the epoxide oxygen atom O1 and excluding amide or ester groups further along the chain (see Figure 1 and compare discussion of the lone pairs in part 1). Therefore, we are specifically interested in the existence of those hydrogen bonds in the crystal structures of E64d (2) and the other two model compounds (3 and 4), keeping in mind that the hydrogen bond pattern in the crystal structure of neutral E64c (i.e. not deprotonated at the carboxyl end) is almost identical to that in the cathepsin B -E64c complex (with E64c being deprotonated to a carboxylate), as discussed in detail in ref. [14] . The same donor and acceptor atoms are used for interactions in ASMC (4) that are also available in E64c (1), namely O3-H2O/H1A and N1-H1 as donors, and O2 and O4 as acceptors (neither O3 and N1 as acceptors, but additionally O1 in 4), and the distances of these interactions are similar (Table 4 ). Both esters E64d (2) and VH04 (3) (4)). In contrast, in the esters E64d (2) and VH04 (3) In Table 5 , pairwise interactions with their model energies calculated according to ref. [22] are listed. Through the last column, a connection between pairwise molecular interactions and the classical picture of atom-atom interactions ( Table 4 that focuses on atom-atom interactions. Figure 1 shows that the biologically most important hydrogen bonds are any of the conventional ones except those involving the epoxide as well as the amide (in 1,2) or ester (in 3)
groups that do not belong to the trans-epoxysuccinyl amide moiety. Nevertheless, these groups are part of the interaction networks in the crystals. It is therefore hard to interpret these networks according to the biological activity, and inadequate to only focus on atom-atom interactions as the discussion about the ESP and Politzer parameters above and the discussion in the previous paragraph have shown. However, Table 5 does highlight the importance of the interactions of the carboxyl group in terms of the hydrogen bonds O3-H1A/H2O...O5. They only occur in E64c and ASMC since E64d and VH04 are esters, and they are by far the strongest interactions in terms of electrostatics. In E64c two of these hydrogen bonds form within a dimer of neutral molecules together with two other but weaker hydrogen bonds. In ASMC, O3-H2O interacts with an anion, O5 in trifluoroacetate, but the electrostatic term is the highest in both cases and the total energy likewise large and negative showing that O3-H2O...O5 is certainly the structure-determining motif. This agrees with the analysis of fingerprint plots discussed above ( Figures 5 a and d) where E64c and ASMC are most similar in terms of their shortest interactions. It can be concluded that the carboxyl group is the anchor that binds the low-molecular weight ligand to the enzyme pocket, and rationalises why the ester compounds do not show significant biological activity. Based on this analysis, in a subsequent study we will use ASMC as a model compound in molecular dynamics and QM/MM calculations with the enzyme to investigate the role of the carboxyl group in more detail.
A visualisation of the energies listed in Table 5 is possible through energy-framework representations that were recently introduced.
[23] Figure 6 shows that electrostatics (red) dominate the crystal packing in E64c (1) and ASMC (4) -the latter involving ionic species including anion-cation interactions that are not listed in Table 5 , so direct comparability is not given -but dispersion slightly exceeds electrostatic contributions in the crystal packing of VH04 (3) . The huge difference between E64c ( Figure 6a ) on the one hand and E64d and VH04 on the other hand (Figures 6 b and c) again highlights the special importance of electrostatic interactions involving the carboxyl group. Another difference between E64c (1) and the ester compounds is that in the latter electrostatics and dispersion show the same pattern, which means they reinforce and strengthen the same intermolecular interactions. In other words, in the direction where electrostatics are strongest, dispersion is strongest as well. This is different in E64c, where electrostatics and dispersion complement each other; where electrostatics are strongest, dispersion is weakest, and vice versa. 
Conclusions
Invariom applications and isolated-molecule calculations do not account for the environment, they only detect substituent effects in the electron density. In this study precisely this fact made them valuable to allow a clear separation between crystal packing effects and substituent effects on the biologically and pharmaceutically important trans-epoxysuccinyl amide moiety. Using these techniques it was found that for the trans-epoxysuccinyl amide group it is mainly not the substituent effects but the environment that determines differences between geometrical arrangements and changes in the electron-density distribution in the region of interest among the investigated compounds 1 to 4. Only by using Politzer's internal polarization parameter Π a connection between the strong biological activity of E64c (1) and the weak or inexistent activities of 2 to 4 could be drawn. However, with inherent electronic or electrostatic properties it cannot be rationalized that the nucleophilic ring-opening reaction takes place at carbon atom C2
under cleavage of C2-O1. Having confirmation that the environment is decisive for the reactivity of the trans-epoxysuccinyl amide group, and knowing from previous work that the crystalline environment is a very good approximation for the enzyme environment in the case of E64c
(1), [14] the necessity for future experimental electron-density investigations of transepoxysuccinyl amide model compounds based on single-crystal X-ray diffraction becomes even more obvious.
In order to determine if the model compounds VH04 (3) and ASMC (4) that were synthesized within this study can be used for future experiments, their intermolecular interaction patterns were scrutinized in detail and compared with E64c (1) and E64d (2). The interactions of the carboxyl group prove to be the decisive features that govern the biological activity of E64c relative to the ethyl esters VH04 and E64d. For this reason, ASMC, which incorporates the carboxyl group, shows promising features in terms of intermolecular interactions and energies despite its small size. The investigation of substituent effects as discussed in the previous paragraph has also shown that it is justified to investigate a small model compound since the substituents themselves do not influence the electronic situation in the trans-epoxysuccinyl amide region significantly. This prompts us to further investigate experimental conditions for growing ASMC crystals whose properties are more suited than in the case of the present cocrystal with potassium trifluoro acetate. We will start further attempts to crystallize ASMC in its deprotonated form with various cations (cationic amino acids such as histidinium, metal ions in aqueous solution to provoke co-crystallisation with water, etc.) to obtain good crystal quality for high-resolution experiments and simultaneously an interaction pattern as similar as possible to that of deprotonated E64c in the enzyme. [19] for 2); second row: optimised geometry. For 1, disorder-free molecule D in the asymmetric unit is used.
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E64c (1) E64d (2) VH04 (3) ASMC (4) C1-C2 1.473 (8) (7) 162.1(9) x,y,1+z C1D-H1DD…O2C 1.084(12) 2.504(12) 3.291(9) 128.6(9) Intra asu O5D…H1AC-O3C 0.959(12) 1.635(10) 2.555 (8) 159.5(8) Intra asu O2D…H1BC-N1C 1.000 (11) E ele = electrostatic (Coulomb) interaction energy, E pol = polarization, E dis = dispersion, E rep = repulsion, E tot = total energy, calculated according to ref. [22] . See experimental part for more details. Note, that the energy components are unscaled and hence not directly comparable, but the total energy is the sum of scaled components. Moreover, the model energies that refer to interactions involving charged species have not been calibrated or tested against theoretical dimer calculations in the way that those interactions involving only neutral species have been benchmarked in ref. [22] . Hence, they have to be interpreted with care. For 1 and 3, only the major disorder components were used in the calculations. For 1 the calculations were only carried out with reference to molecule D.
All results with total energies below an absolute value of 10 kJ/mol were omitted. If there is more than one translation on top of a symmetry operation that leads to the same contact pair, all translations are given in order to relate to the hydrogen-bonding pattern in Table 4 . Each dimer represents all hydrogen bonds including the inverse of the contacts given for the other translation of the same symmetry operation if there is one. TFA = trifluoro acetate.
Cpd 2-x,1/2+y,3/2-z none 2-x,-1/2+y,3/2-z none -13. 8 -4.4 -15.8 10.4 -25 1/2+x,1/2-y,1-z C16-H16A…O1 a -1/2+x,1/2-y,1-z none -3. 4 -3.8 -29.5 14.4 -23 1-x,1/2+y,3/2-z none 1-x,-1/2+y,3/2-z none VH04 (3) -50.9 -11.1 -87.9 93.9 -81 1+x,y,z C5-H5…O5 -2.9 -27.9 15.7 -25 -x,1/2+y,5/2-z none -x,-1/2+y,5/2-z none -5.5 -1.5 -37.5 24.1 -24 1/2+x,5/2-y,2-z none -1/2+x,5/2-y,2-z none -9.3 -3.5 -13.7 14.0 -16 1-x,1/2+y,5/2-z none 1-x,-1/2+y,5/2-z none ASMC (4) -65. 3 -56.0 -5.7 7.7 -112 -1/2+x,3/2-y,-z O4…K1 
